Calciothermic reduction with a metallic calcium reductant is a powerful electrochemical technique for the direct reduction of metal oxides. [1] [2] [3] Various transition metals can be directly reduced from their oxides with metallic calcium because of its strong reducing ability. Therefore, calciothermic reduction for industrial applications had been widely investigated by many research groups to date, and metallic titanium, 4-9 zirconium, 10, 11 hafnium, 12 niobium, [13] [14] [15] tantalum, 16, 17 nickel, 18 uranium, 19 and their alloys [20] [21] [22] [23] [24] [25] [26] [27] can be successfully obtained via calciothermic reduction and advanced techniques. 28, 29 Although carbon dioxide (CO 2 ) is an extremely stable chemical species in our environment, the chemical decomposition of CO 2 is an important technology for global environmental issues. [30] [31] [32] In a previous investigation, the authors demonstrated a novel CO 2 reduction technique via calciothermic reduction using molten salt electrolysis. 33, 34 In this process, CO 2 was reduced to carbon and oxygen gas with a metallic calcium reductant formed by electrolysis in a calcium chloride molten salt containing calcium oxide at high temperatures. Rapid decomposition of CO 2 could be successfully achieved by using metallic calcium. 33 Notably, the reduced carbon products contained tube-like graphite with iron nanoparticles, which is similar to typical carbon nanotubes (CNTs). It could be that the origin of these iron nanoparticles was from a stainless steel pipe for the CO 2 gas flow. The nanotubes grew on the contaminated iron particles, which acted as catalysts, but the details remained unclear. Therefore, electrolysis in molten salt with and without iron additives must be investigated for the understanding of nanotube formation.
In the present investigation, the authors investigated the reduction behavior of CO 2 via calciothermic reduction in calcium chloride molten salt containing calcium oxide with and without iron additives. In this electrolysis procedure, CO 2 generated from the anode by molten salt electrolysis is reduced into carbon with a metallic calcium reductant formed on the cathode. The details of the carbon products obtained via calciothermic reduction were examined by highresolution electron microscopy. The authors found that the addition of the iron microparticles into the molten salt is an important technique to fabricate CNTs by the calciothermic reduction of CO 2 .
Experimental
Calcium chloride (CaCl 2 , 600 g) as the molten salt, calcium oxide (CaO, 1.5 g) as the electrolyte, and iron powder (Fe, 300 mesh, 1.0 g) as the additives were dried in a vacuum oven at 473 K. After drying, these chemicals were placed in a magnesium oxide (MgO) crucible. In the electrolysis with iron additives, iron powder added to the bottom of MgO crucible before electrolysis. The crucible was then set in a SUS316L stainless steel reaction chamber, and the chemicals were dehydrated at 873 K for more than 36 ks under vacuum conditions. After dehydration, the reaction chamber was gradually heated up to 1173 K under an argon atmosphere (101.3 kPa) to melt the salt and electrolyte. Two graphite rods (10 mm in diameter, IG-11, Toyo Tanso, Japan) to act as the anode and the cathode were immersed in the molten CaCl 2 /CaO. The distance between the anode and cathode and immersion depth of each electrode were adjusted to 40 mm and 35 mm, respectively. A constant voltage of 3.1 V was applied for t = 8 ks using a direct current power supply (PWR-400H, Kikusui, Japan) connected to a computer. The current was measured during constant voltage electrolysis.
After electrolysis, the anode and cathode were pulled up from the molten salt, and then, the reaction chamber was cooled to room temperature. After it was completely cool, the crucible was removed from the vessel and then washed with water to remove the solidified CaCl 2 /CaO in the crucible. The dark gray product remaining in the crucible was washed again with distilled water, acetic acid, and ethanol to remove residual impurities. Several small product samples were also collected by filtration from the washing water. Finally, the obtained product was dried and stored in a vacuum desiccator.
The nanomorphology of the product was examined by field emission scanning electron microscopy (FE-SEM, JSM-6500F, JEOL, Japan) and transmission electron microscopy (TEM, JEM-2010F, JEOL). The phase composition of the product was identified by energy dispersive X-ray spectroscopy (EDS, JEM-2010F, JEOL). Figure 1a shows the changes in the current, I, with the electrolysis time, t, at a constant applied voltage of 3.1 V and a temperature of 1173 K in molten CaCl 2 /CaO a) without and b) with iron additives. During electrolysis without iron additives, the current was measured to be approximately 1.60 A after the initial transient period of electrolysis, and then, it gradually decreased with increasing electrolysis time, demonstrating a value of approximately 1.25 A for long-term electrolysis of 8 ks. The shape of the current-time transient with iron additives was very similar to that without iron additives, and there are no significant differences between the electrolysis with and without iron additives. Figure 1b shows the surface appearance of the solidified CaCl 2 /CaO without iron additives in the MgO crucible after constant voltage electrolysis for 8 ks. It was clearly observed that the entire surface of the solidified salt was covered with much dark gray product. The cross-sectional fracture image of this solidified salt is shown in Figure 1c . The bulk inside of the solidified salt also contained the dark gray product, although the product was widely distributed at the interface between the MgO crucible and solidified salt. After electrolysis with iron additives, a similar dark gray product was also formed in the solidified salt. Conversely, when the graphite electrode was immersed in molten salt at 1173 K without an applied voltage, the dark gray product could not be obtained.
Results and Discussion
During electrolysis in molten CaCl 2 /CaO at 1173 K, the following electrochemical reactions occur at the graphite anode and cathode: 18 C + 2O 2− → CO 2 + 4e − (anodic reaction) [1] Ca 2+ + 2e − → Ca (cathodic reaction) [2] Therefore, CO 2 gas was generated from the anode, and liquid metallic calcium was also formed at the cathode. The liquid calcium metal can be easily dissolved in molten CaCl 2 due to its high solubility of 3.9 mol% in molten CaCl 2 at 1173 K. 6, 9 Although the CO 2 gas generated from the anode was discharged through the outlet with argon carrier gas, a fraction of the CO 2 gas will react with dissolved metallic calcium in molten CaCl 2 by the following electrochemical reaction: 11 Therefore, CO 2 gas was reduced again to carbon by dissolved metallic calcium during electrolysis, and reduced carbon products were deposited in the solidified CaCl 2 /CaO after electrolysis, as described in Figs. 1b and 1c . The reason why the current decreased gradually with increasing electrolysis time may be due to O 2− concentration decreased during electrolysis because a fraction of the CO 2 gas was discharged through the outlet. The morphologies of the reduced carbon products obtained by the two different electrolysis experiments were examined by FE-SEM. Figure 2 shows SEM images of the typical reduced products obtained via CaCl 2 /CaO electrolysis a) without and b) with iron additives. An aggregate consisting of numerous fine nanoparticles measuring several tens of nanometers was formed by electrolysis without iron additives ( Fig. 2a ). In addition, a small amount of fibrous nanostructures was also observed in the nanoparticle aggregate. In contrast, a similar fine nanoparticle aggregate and remarkable characteristic nanotubes measuring several tens of nanometers in diameter were formed by electrolysis with iron additives (Fig. 2b ). Comparing these SEM images, the nanomorphologies of the reduced carbon products obtained via electrolysis in the presence or absence of iron additives were greatly different. Therefore, the detailed nanomorphologies of these carbon products were examined by high-resolution TEM (HRTEM).
Figures 3a shows a TEM image of the fine nanoparticle aggregate obtained via CaCl 2 /CaO electrolysis without iron additives. Similar to Fig. 2a , it is observed that numerous fine nanoparticles measuring several tens of nanometers aggregated. From the EDS measurements, these nanoparticles consisted of carbon containing small amounts of calcium and chlorine, which originated from the molten CaCl 2 /CaO. These elemental impurities may be incorporated at the interface between each carbon nanoparticle reduced with calcium reductant during the agglutination in molten salt. Figure 3b shows a HRTEM image of these carbon nanoparticles, and it can be seen that the nanoparticles were well crystallized and consisted of a large number of spherical graphite layers. The appearance of these carbon nanoparticles was very similar to onion-like carbons (OLCs) obtained by several synthetic techniques. 35, 36 Figure 3c shows a TEM image of fibrous nanostructures obtained via electrolysis without iron additives, as described in Fig. 2a . The fibrous nanostructures measuring approximately 10 nm in width were observed on several thin sheet-like products. When the fibrous nanostructures were closely observed, it was found that the nanostructures corresponded to the edge of thin sheet-like products. From the EDS measurements, these nanostructures consisted of pure carbon without elemental impurities. As these carbon nanostructures were observed by HRTEM (Fig. 3d) , the nanostructures were a thin graphite sheet composed of approximately 40 graphite layers measuring 14 nm in thickness. In summary, the calciothermic reduction of CO 2 via electrolysis in molten CaCl 2 /CaO without iron additives resulted in the formation of OLCs and thin graphite sheets, but CNTs were not observed in the products. Figure 4a shows a typical TEM image of the reduced products obtained via CaCl 2 /CaO electrolysis with iron additives. Similar to Fig. 2b , numerous fine nanoparticles and a tubular nanostructure can be observed in the products. A HRTEM image of the fine nanoparticles is shown in Fig. 4b, and OLCs with a large number of spherical graphite layers were observed. Similar to without iron additives (Fig.  3b) , the OLCs contained small amounts of calcium and chlorine impurities. On the other hand, a HRTEM image of a tubular nanostructure is shown in Fig. 4c , and multi-walled CNTs (MWCNTs) possessing approximately 25 graphite layers were observed. From the HRTEM observations at different positions, various MWCNTs with different numbers of graphite layers were formed by electrolysis with iron additives. Interestingly, these MWCNTs partially included cementite (Fe 3 C) in their inside, as shown in Fig. 4d . Such Fe 3 C intermetallic compounds were deposited at several places on the insides of the MWCNTs. In summary, the calciothermic reduction of CO 2 via electrolysis in molten CaCl 2 /CaO with iron additives resulted in the formation of OLCs and MWCNT/Fe 3 C nanocomposites. A graphite sheet, as observed in Fig. 3c , was not formed by electrolysis with iron additives.
During electrolysis with iron additives, the carbon products reduced by the calcium reductant and metallic iron additives coexisted in the molten CaCl 2 /CaO. Therefore, intermetallic compounds of Fe 3 C were easily formed in the molten salt at high temperature. These Fe 3 C compounds induce the formation of MWCNTs during the reduction of CO 2 . Consequently, many MWCNTs were formed in the prod-ucts obtained by electrolysis with iron additives. In fact, fabrication of MWCNT/Fe 3 C nanocomposites via different synthetic techniques has been reported by several research groups. 37, 38 Such MWCNT/Fe 3 C nanocomposites may be used as a carbon nanotube material with magnetic properties. Selective removal and attraction of MWCNT/Fe 3 C nanocomposites may be achieved by magnetic field. Although this technique requires the consumption of a large amount of electricity for the generation of the calcium reductant at high temperature, the calciothermic reduction allows the simultaneous decomposition of atmospheric CO 2 and the subsequent fabrication of MWCNT/Fe 3 C nanocomposites, thus accomplishing two things with one technique. For future industrial applications, the electricity consumption for electrolysis must be supplied from renewable energy such as solar energy. In addition, the optimum conditions for the large-scale synthesis of well-ordered MWCNT/Fe 3 C nanocomposites via the calciothermic reduction of CO 2 should be further investigated.
Conclusions
We demonstrated a novel synthesis of MWCNT/Fe 3 C nanocomposites via the calciothermic reduction of CO 2 in molten CaCl 2 /CaO with iron additives at high temperature. The calciothermic reduction of CO 2 without iron additives results in the formation of a mixture of OLCs and graphite sheets. In contrast, OLCs and MWCNT/Fe 3 C nanocomposites were successfully fabricated via calciothermic reduction with iron additives due to the catalysis of Fe 3 C intermetallic compound formed by the chemical reaction of reduced carbon and iron additives.
